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The effectiveness of official warning dissemination and interpretation determines the adoption of protective actions in
response to hurricane threat. This paper describes the development of a conceptual warning diffusion model that
articulates the whole process of the hurricane warning diffusion and individual decision-making, drawing on emergency
management and social science bodies of literature. This conceptual model is then partially encoded into a NetLogo
agent-based simulation model to demonstrate the effects of various warning diffusion components on evacuation
decisions for areas of interest. The translation of the conceptual model into agent-based simulations can inform the
coastal engineering and science communities of the importance of communicating risk information to the public, and
also helps to identify future research needed to illuminate hurricane risk communication pathways.
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INTRODUCTION

Background and motivation

The process by which coastal storm risk information is developed and disseminated from experts
through a community is a critical aspect of storm preparation. Understanding this dissemination process
and the impact its components have on community protective action taking (such as evacuation) can help
coastal scientists and engineers improve messaging around storm risk. Social scientists have provided
models to explain and predict people's perceptions and behaviors in response to hurricanes. Some of
these use empirical data and statistical tools to formulate warning diffusion speed and distribution
(Lindell et al., 2021; Sorensen et al., 2000, 2020), while others stress the importance of known social
dynamics in warning message uptake, such as trust in government reliability (Shao et al., 2017a;
Cordasco et al., 2007), peer pressure from one’s social network (Linardi, 2016; Hao and Shao, 2022;
Eisenman et al., 2007; Ersing et al., 2020), crying wolf phenomenon (Dillon et al., 2011; Dillon and
Tinsley, 2016), and ideological tendencies (Shao and Hao, 2021).

Chen et al. (2023, in review) have developed a conceptual model framework which attempts to
encapsulate the full hurricane warning diffusion process, from the development of an official warning
through the distribution of individual protective action taking. This conceptual model extends the
theoretical framework developed by Mileti and Sorenson (1987, 1990) through an emphasis on formal
and informal warning channels. The purpose of this paper is to present this conceptual model and its
application to an agent based model (ABM) framework which can be used to simulate hurricane warning
diffusion scenarios for areas of interest. This framework can be used in risk communication, evacuation
decision modeling, and long-term hazard adjustment. This model can serve as a guideline for empirical
behavior research of organizations, households, and individuals; simulation research for warning
strategies; and practical applications for policies and planning for both response and long-term
adjustment. It also can be used to guide long term hazard adjustment programs to increase effectiveness,
due to the limited resources before a crisis and limited time during a crisis (Lindell and Perry, 2004).

Understanding the warning process and protective action taking

Individuals and households undergo a complex process of judging information and making decisions
about how to respond to severe weather warnings. Factors a household may consider in deciding whether
to evacuate can include warning severity, such as a hurricane Saffir-Simpson category scale; whether
they trust the reasoning and motivation of the warning source; access to transportation; money available
to travel and need to potentially pay for lodging, which might be dependent on whether they had to
evacuate for a previous event; ability to take time away from work or caregiving responsibilities; the
evacuation decisions of those around them; and their own tolerance for risk.
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A recent rapid-response study examined evacuation behavior during Hurricane Ida in 2021,
including the effects of the Covid-19 pandemic on evacuation decisions (Polen et al., 2022). A survey of
124 individuals in the path of Ida, which was a Category 4 hurricane, found that 44% of them chose not
to evacuate, including 35% who were under a voluntary evacuation order and 54% of those who were
not under evacuation orders. 22% of those surveyed who did not evacuate said that caring for someone
who could not or would not leave affected their decision. 65.7% of respondents who did not evacuate
said that their pet played a role in that decision. The additional complexity of evacuating during the
COVID-19 pandemic greatly affected individual evacuation decisions; Polen et al. (2022) found that
respondents were less likely to consider evacuating to a public shelter than before the pandemic.
Individuals navigating complex multi-hazard risks, such as a hurricane and a public health crisis, must
receive and interpret information from multiple sources. The Hurricane Ida study found that respondents
reported “lacking enough information to make ‘a good evacuation decision’” by 10 percentage points
compared to hurricanes in the same area prior to COVID-19 (Polen et al., 2022).

CONCEPTUAL MODEL FOR HURRICANE WARNING DIFFUSION

Development

A framework for understanding the dissemination of hurricane warning information and the
processes by which individuals encounter, accept, or reject that information can be useful in emergency
management planning. It can also be used to guide the development of storm risk information and the
communication between expert scientific communities, emergency managers, and the general public.
The conceptual model proposed here builds upon the Warning Response Model (Mileti and Sorensen,
1990; Sorensen and Richardson, 1984), Rogers and Sorensen’s (1988) multi-channel warning
dissemination model, Sorensen’s (2000; Sorensen and Sorensen, 2007) characterization of effect sizes,
as well as the Protective Action Decision Model (Lindell, 2018; Lindell and Perry, 1992, 2004, 2012)
and recent summaries of research on hurricane evacuation decision making (Lindell et al., 2020, 2021;
Sorensen et al., 2020). The goal is to fully articulate the processes between issuance of the official
hurricane warning, through the ultimate decisions of individuals to evacuate or not across a distributed
area. The framework can be modified for additional protective action decisions as more quantitative
information about those decisions becomes available.

Components

The conceptual model framework (described fully in Chen et al., 2023; in review) divides the
hurricane warning dissemination process into five major components: the official warning process,
psychological and behavioral processes, observations, household characteristics, and informal warning
processes. Each of these contains various subprocesses which have been described in the literature, and
interactions occur bidirectionally between most of these components, as illustrated in Figure 1. The
individual protective action decisions (i.e., decision to evacuate or not) occur within the psychological
and behavioral processes component. These decisions can then influence the decisions of others through
the informal warning process, and the observation process (such as an individual noticing neighbors
evacuating).

The official warning process initiates the model, as in Mileti and Sorensen’s (1987) hazard detection
subsystem. The National Hurricane Center detects the presence of a hazard and characterizes the hazard
through observations and estimates of wind speed, projected storm surge, and projected landfall location
and inland flooding threats (Mileti and Sorensen, 1990). These assessments then inform local emergency
management officials in issuing official warnings to the population at risk (Lindell et al., 2021). Multiple
subprocesses govern this issuance of the official warning, including a desire by local authorities to
discourage shadow evacuation (evacuation by those outside of the threat area, Lindell et al., 2019b), and
to maintain credibility (Dow and Cutter, 1998). Official warnings are often characterized by physical
parameters such as the estimated time to landfall, hurricane track and expected landfall location, and
estimates of severity such as the Saffir-Simpson Category (Lindell and Prater, 2007a). Uncertainty is
inherent in forecasting these conditions, and officials face a tradeoff between increasing warning time
and increasing certainty. Local emergency managers may use evacuation timing arc models to determine
when to issue decisions such as school closures or evacuation orders (Huang et al., 2017b; Sorensen et
al., 2020).
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The official warning issuance component also includes consideration of what channels are used to
communicate the official warning, including broadcast television, internet sites, official social media,
and text alerts. Warning channels vary in dissemination speed, message precision, and distribution across
the public (Lindell and Perry, 1992; Lindell and Prater, 2010; Lazo et al., 2015). Various demographics
may be more or less likely to encounter or respond to different message channels. For example, DeYoung
et al. (2016) found that nonwhite respondents preferred to receive warning message from local authorities
compared to white respondents, and women and younger respondents tended to rely on multiple sources
of warning while older respondents and men were more likely to rely upon a single source.

The population’s response to this official warning and threat description is described in the Protective
Action Decision Model (PADM, Lindell, 2018; Lindell and Perry, 1992, 2004, 2012). The Behavioral
and Psychological Processes component of this conceptual model incorporates the PADM. Individuals
must be exposed to, heed (notice), and comprehend warning information before a decision about
protective action can be made (Lindell and Perry, 2004, 2012). Decisions are influenced by perceptions
of the stakeholders who issue warning information: are local authorities considered expert and
trustworthy (Arlikatti et al., 2007)? Decisions are also influenced by individuals’ perceptions of threat
severity and the efficacy of available protective actions. For a hurricane, people might consider the
consequences of evacuating and leaving their home untended, or the possibility of traffic accidents
(Huang et al., 2017a).

Informal warning processes are affected by individuals’ decisions and also influence others’
decisions, as noted by the bidirectional arrows between the Psychological and Behavioral Processes and
the Informal Warning Processes components in Figure 1. Informal warning refers to warnings relayed
between peers, including friends, family members, neighbors, and coworkers. Individuals have different
propensities to relaying warnings to others, which are partially functions of cohesion within a community
and the severity of a hazard (Hasan and Ukkusuri, 2011, 2013; Gladwin et al., 2007). Channels of
informal warning include face-to-face (Lindell, 2018; Mileti and Sorensen, 1990), text or phone call, or
via social media. Social media posts may have the furthest reach within peer networks (Dong et al.,
2013), but may be perceived as less reliable sources of information (Wei et al., 2018).

Observations of the environment are another source of information that individuals factor into their
decisions to take protective action in the face of hurricane hazards (Lindell et al., 2005). Observations
include perceptions of weather or behavior of the ocean, as well as witnessing others evacuating and
businesses closing (Huang et al., 2016). The conceptual model of hurricane warning diffusion includes
reciprocal interaction between the Psychological and Behavioral Processes and the Observation
components (Figure 1), since some individuals’ decisions to prepare and evacuate can influence the
decisions of those who witness their actions.

The final component of the conceptual model is Household Characteristics, which includes
information about individuals’ resources, physical and psychological variables, and demographic
variables. These characteristics can affect aspects of the PADM, including where individuals search for
information about a hazard and their perceptions about stakeholders and information sources (Lindell
and Perry, 2012) and their tendency to relay warnings to their peers (Perry et al., 1981). Tenure in a
hazard zone and prior experience with hazards can also factor into decision-making (Bostrom et al.,
2018). Education and income levels can influence awareness of environmental risks (Kim et al., 2019;
Shao et al., 2014).

AGENT-BASED MODEL FOR WARNING ACCEPTANCE

Development in NetLogo

The conceptual model defined in Figure 1 was implemented into an ABM in the program NetLogo
(Wilensky, 1999) to enable simulations of hurricane warning diffusion scenarios for areas of interest.
ABMs have been used in prior simulations of hurricane response (Yin et al., 2014, 2016; Gao and Wang,
2021; Harris et al., 2022). Use of ABMs in understanding hurricane warning diffusion in a population
might support improved practices in risk communication and hazard planning. Simulations begin with
the detection of the hazard and conclude with landfall, and the outcomes include the number of area
residents informed of the warning disaggregated by warning channel, and the probabilities of warning
acceptance and protective action implementation in the different hurricane risk zones and for different
demographic groups along hourly intervals. Figure 2 shows the ABM interface in NetLogo, including
the variable control bars, model parameter monitors, and outcome map and monitors, for a simulation in
Baldwin County, Alabama of a Category 3 hurricane.
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The components of the conceptual model outlined in Figure 1 are implemented into the ABM using
available quantitative relationships, as detailed further in Chen et al. (2023, in review). These components
are presented below by component of the conceptual framework in Table 1.

Table 1. Formulation of available hurricane risk diffusion processes included in the ABM.

Framework component Formulation and references

e Relationships between the hurricane Saffir Simpson scale
and expected evacuation rates by risk zone (Lindell and

Prater, 2007b)
Official warning e Official warning delay time as a function of mean times and
processes random probability (Sorensen et al., 2020)

e Proportion of the population receiving the warning at time ¢
as a function of community and channel parameters (Lindell
etal., 2021)

e Probability of contact between peers by phone call and by
text (Lindell et al., 2021)

e Warning relay via social media as a Weibull distribution
function of community cohesion via Facebook connectivity
data (Wolfram, 2013)

. e Probability of individuals accessing social media (Lindell et
Informal warning

al., 2021)
processes e Probability of contact between neighbors (Lindell et al.,
2021)
e Face to face contact between neighbors as a function of
physical distance
e Distance individuals are likely to travel to warn a neighbor
(Katada et al., 1999; Zhang et al., 2014)
Observations e Individual observation of environmental cues, as controlled

by a user slider interface

e Linear regression of warning acceptance by education level
(Huang et al., 2012)

e Linear regression of warning acceptance by social group
(Huang et al., 2016, 2017a)

Psychological and
Behavioral Responses and
Personal Characteristics

Data availability to populate the components of the ABM is a major limitation of this work. The
conceptual model detailed in Figure 1 has many processes that are not represented in the ABM, and those
that are included use quantitative relationships based off of few limited studies.

Simulations

Sensitivity analyses can be conducted by changing the variables in the control bars. Users can select
a hurricane category for a simulation (based on the Saffir-Simpson scale) that impacts the warning
process in the different hurricane evacuation zones for the area of interest. Other variables that can be
tuned for simulation include the hurricane landfall day from initial detection, official warning delay time,
parameters for warning dissemination speeds, the effectiveness of the official warning, the distribution
of individual social network sizes (neighbors and/or relatives), the impact of social connections, impact
of social media, number of key-opinion-leaders (KOLs, members of the community with increased
influence over others) and their impact, coefficients of ideological variables (such as information
aversion), distribution of individual education levels, and individual political preference. The outcome
monitors allow users to observe the warning dissemination speed within each warning channel and the
probability of acceptance of protective actions in different hurricane evacuation zones, and for different
demographic groups.

Depending on the input variables selected, the acceptance of protective action is dynamic during the
warning process simulation. For example, an individual who rejected the evacuation order at the
beginning may decide to obey the order later on after being influenced by peers and social media. Figure
3 shows the visualization of the dynamic process of one scenario in Baldwin County, Alabama for a
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Category 2 hurricane. The colored dots on the map indicate individuals in the simulation, and their color
represents likelihood of deciding to evacuate at each timestep in the simulation. In Figure 3, the
simulation depicts an initial increase in decisions to evacuate from the 0 hour timestep through 10 hours
after the official warning. However, individuals in the simulation start to hesitate and change their minds,
reverting to a rejection of the official evacuation advisory due to the influence of social connections and
KOLs. It should be noted that this scenario demonstrates the dynamic process of people’s evacuation
decisions, but it does not reflect other scenarios when changing impact variables. Additionally, this ABM
does not allow for the incorporation of changing conditions during the simulation, such as a hurricane
forecast being downgraded in category or projecting a change in landfall location, but it is possible to
chain together simulations with different initial conditions to reflect these types of changing scenarios.

Time elapsed since warning:
5 hours

Time elapsed since warning: Time elapsed since warning:
0 hours &a)

1 hour

Time elapsed since warning: 3 v [Time elapsed since warning:
10 hours e 24 hours

Time elapsed since warning:
48 hours

uonenoeAg Jo eoueldeddy Jo Ajigeqold

0.0

Figure 3. Probability of warning acceptance over time for Baldwin County, Alabama simulation.

Figure 4 shows the cumulative percentage of people who received warning information through
different channels during an entire simulation. While the official broadcast (via TV, radio, or other
traditional media) has a faster warning speed than other channels, the social media transmission speed
increases faster and eventually surpasses the percentage of people warned by an official warning. The
rate of individuals informed by neighbors and relatives is much lower, as face-to-face and phone call
warning transmissions only occur between two individuals at a time. This is consistent with previous
findings that people have a limitation of how far away they are willing to travel to inform their neighbors
about a hazard (Katada et al., 1999; Zhang et al., 2014). The social connectivity in the current model is
based on Facebook connectivity data but can be tuned for sensitivity analyses (Wolfram, 2013).
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Figure 4. Cumulative percent of warning receipt by information channel over time for Baldwin County,
Alabama simulation.

The distribution of social connectedness of individuals within a community can be tuned within the
ABM. To test the impact of social connection, a series of sensitivity analyses was conducted on this
factor. Figure 5 shows that the average probability of complying with the official evacuation order
significantly differs in five hurricane evacuation zones. However, by increasing the social connection
parameter (along the x-axis in Figure 5), a consensus situation was reached across the different
geographic hurricane risk zones. Stronger social connection across the community reduces the
importance of individual’s locations in determining whether they will take protective actions in the
simulation. Higher social connectedness means that individuals are more likely to follow the decisions
of their peers, which can spread across the hurricane risk zones. While this model scenario cannot fully
represent a real hazard situation, a “tipping” point can be observed when the social connection impact is
0.3, after which decisions converge across zones. It should be noted that the tipping point may vary while
changing other variables, such as hurricane categories. Sensitivity testing of the ABM can lead to more
realistic settings for parameters such as social connectedness, which are difficult to base on real data for
every area.
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Figure 5. Impact of social connection on Protective Action Taking acceptance rates by risk zone.
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Figure 6 shows the impact of the number of KOLs on rates of individuals accepting a warning and
choosing to evacuate, by hurricane risk zone. KOLs might include local media personalities, church
leaders, social media influencers, and others with significant sway in their community. Risk zone 1 has
a higher acceptance rate than other risk zones. This scenario demonstrates that an increase of the KOLs
supporting the evacuation decision results in the increase of evacuation order compliance rate. The
compliance rate increases the most when the KOL number increases from 0 to 80 within the community.
After that, the impact of an increase in the KOL number decreases where its effect is negligible from 160
—280 KOLs. This finding is also consistent with another warning study that the impact of official warning
increases rapidly at the beginning and then declines significantly later (Koll et al., 2023). While we
conducted a sensitivity analysis on the KOL number, future research could use real social data to analyze
the “leader-follower” effect (King and Cowlishaw, 2009).
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Figure 6. Impact of Key Opinion Leaders on Protective Action Taking acceptance rates by risk zone.

CONCLUSIONS

Early evacuation simulation studies were problematic because they focused on the transportation
process and modeled the warning dissemination process, a critical part of the ETE components, by using
assumptions or simplified mathematical distributions (Lindell and Perry, 1992; Lindell and Prater,
2007b). However, those simplifications lose the opportunity to test the variables that impact warning
dissemination distributions, such as ideological variables, authorities’ decisions, and social network
connectivity. To fill the gaps, this study created an ABM for hurricane warning dissemination that
accounts for both official and unofficial warning channels—including official broadcast, new media,
face-to-face contact, and virtual contact—as well as observation of environmental and social cues. Based
on cumulative empirical warning studies from the last several decades, the ABM combines a social
science framework with current social media data into an interdisciplinary simulation platform. This
model can be used to identify factors that impact warning dissemination speed, test authorities’ warning
strategies, increase the accuracy of evacuation transportation analyses, and test the impact of societal
changes in communication technologies. The results show that protective decision as a dynamic process
can be impacted by variables such as social connectivity, peer pressure, ideological intention, and proxy
to hazards. “Tipping” points were observed in the social connectedness and KOL analysis, which
indicates a phenomenon that social media influencers can impact protective decisions. While this model
can be generalized to other situations, the data input is mainly from U.S. hurricanes, so adopting the
model to other countries and other hazards will require local data justification. Future studies can extend
and validate the simulation model using empirical hurricane warning data, i.e., phone-based social media
data or questionnaire survey data. More social science studies are also needed to assess the impact of
different variables on the analysis results, such as the influencers and leader-follower effects.
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